Introduction
Long-term potentiation (LTP) and long-term depression (LTD) of excitatory synaptic transmission in the mammalian brain are long-lasting, activity-dependent changes in synaptic efficacy thought to be important for learning, memory, and neural development. At most excitatory synapses that exhibit LTP and LTD, synaptic responses are mediated by two distinct subtypes of ionotropic glutamate receptors, termed a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid (AMPA) and N-methyI-D-aspartate (NMDA) receptors (AMPARs and NMDARs, respectively) after their specific exogenous ligands. The changes in synaptic efficacy that define LTP and LTD are routinely measured by examining basal synaptic responses, which are predominantly mediated by AMPARs. In contrast, NMDARs, because of their strong voltage dependence, contribute minimally to basal synaptic responses at the resting membrane potential but nevertheless serve an essential role in triggering LTP and LTD (Malenka and Nicoll, 1993) . Moreover, NMDARs are important contributors to the neuronal injury and death seen in many neurologic disorders, presumably owing to their ability to raise intracellular Ca 2÷ (Lipton and Rosenberg, 1994) .
Despite these well-established roles for NMDARs, relatively little is known about their regulation by synaptic activity. For example, the factors that determine whether or not NMDAR-mediated synaptic responses in CA1 pyramidal cells undergo LTP have not been well defined (Kauer et al., 1988; Muller and Lynch, 1988; Asztely et al., 1992; Perkel and Nicoll, 1993; Clark and Collingridge, 1995; O'Connor et al., 1995) . Here we present evidence that NMDAR-mediated synaptic responses can be depressed by specific patterns of afferent activity and that this plasticity has a mechanism distinct from that underlying plasticity of AMPAR-mediated synaptic responses.
Results
Before presenting our results, it is important to discuss briefly why the examination of changes in NMDARmediated synaptic responses in brain slice preparations is subject to much greater experimental error than examination of AMPAR-mediated synaptic responses. The foremost difficulty is caused by the strong voltage dependence of the NMDAR-mediated response. NMDAR-mediated currents are minimal at membrane potentials more negative than -70 mV and exhibit a region of negative slope conductance from approximately -70 mV to -40 mV (Hestrin et al., 1990) . Thus, to record NMDAR-mediated responses, the cell is often depolarized to a level at which small changes in membrane potential, either due to changes in the recording conditions or due to changes in the AMPAR-mediated synaptic responses, can strongly influence the magnitude of the response. In theory, voltage-clamp recording eliminates this problem, but because of the extensive dendritic aborization, it is doubtful that perfect voltage control of synapses is achieved when recording from pyramidal cells in slice preparations (Spruston et al., 1993) . One method that helps to minimize this problem is to record N MDAR-mediated currents at positive holding potentials, where the current-voltage relation is linear and voltage-dependent conductances are largely inactivated . Alternatively, extracellular Mg 2. can be removed, substantially reducing the voltage dependence of the NMDAR-mediated response. The NMDAR channel is also highly permeable to Ca 2÷, and thus a second problem is that any repeated measurement of NMDAR-mediated synaptic currents is accompanied by a change in intracellular Ca ~ that may itself cause gradual modifications of the synaptic responses (Rosenmund and Westbrook, 1993a; Tong and Jahr, 1994) .
Because of these significant technical difficulties, we have taken several different but complementary experimental approaches to examine whether NMDAR-mediated synaptic responses change during LTD. In an initial set of experiments, we recorded extracellular field poten-tials from hippocampal slices to examine whether synaptic activity could depress pharmacologically isolated NMDAR-mediated synaptic responses (NMDAR EPSPs) recorded in reduced extracellular Mg ~+ (0.1 mM) from CA1 pyramidal cells. Prolonged low frequency afferent stimulation (LFS; 1 Hz for 5-7 min), which elicits homosynaptic LTD of AMPAR-mediated synaptic responses (AMPAR EPSPs) caused a depression of the NMDAR EPSP (77% __. 4% of control; n --8) that, like LTD of AMPAR EPSPs, was input specific ( Figure 1A ) (Dudek and Bear, 1992; Mulkey and Malenka, 1992) .
To determine whether the depression of N MDAR EPSPs required a rise in postsynaptic Ca 2+, again like LTD of AMPAR EPSPs (Mulkey and Malenka, 1992) , we loaded cells with the Ca 2+ chelator BAPTA (10 mM) using standard whole-cell recording techniques. While control cells showed robust LTD of NMDAR EPSPs (60% _+ 7%; n = 9; Figure 1B ), LFS did not elicit LTD of NMDAR EPSPs in cells filledwith BAPTA(120O/o _+ 7°/0; n = 7; Figure 1C ), even though surrounding cells in the same slices exhibited LTD as assayed by the simultaneously recorded field NMDAR EPSPs.
Although these experiments demonstrate that LFS elicits LTD of NMDAR EPSPs in pharmacologically altered conditions, an important issue is whether such changes occur following the generation of LTD of AMPAR EPSPs under more physiological conditions, since NMDAR currents are altered by lowering extracellular Mg 2+. To address this question, we compared the magnitude of the NMDAR EPSP in two independent inputs in the same slice after inducing LTD of AMPAR EPSPs in one of the two inputs. This technique has the advantage that any change in NMDAR function due to the measurements themselves should affect both inputs equally, as will any nonspeciflc change in the preparation during the course of the experiment. An important requirement for this approach is that within a slice the pharmacologically isolated NMDAR EPSP must be similarly proportioned to the AMPAR EPSP in both inputs. Figure 2A1 shows a summary of experiments in which, after first recording stable AMPAR EPSPs in standard solution, we isolated NMDAR EPSPs by changing the perfusing solution to one in which MgSO4 was reduced to 0.1 mM, and 6-cyano-7-dinitroquinoxaline-2,3-dione (CNQX; 10 p.M) and picrotoxin (100 p.M) were added. When normalized to the baseline AMPAR EPSPs, the NMDAR EPSPs in the two inputs were virtually identical. This is more easily seen in Figure 2A2 , where we have scaled the NMDAR EPSPs in the test input by the size of the NMDAR EPSPs in the control input.
Confirmation of the assumption that two independent and random inputs in a slice activate the same proportion of NMDARs and AMPARs permitted the generation of LTD of the AMPAR EPSP in one path, and subsequent comparison of the N M DAR EPSPs between the two paths to determine whether LTD of NMDAR EPSPs had occurred. phosphonovalerate (D-APV; 50 pM) was present during LFS, LTD of both NMDAR and AMPAR EPSPs was blocked (n = 4; data not shown). Using the same experimental design, we also examined LTP and found that, unlike LTD, LTP did not result in a similar change in the AMPAR and NMDAR EPSPs. A high frequency tetanus (100 Hz for 1 s, given twice) caused an increase in the AMPAR EPSP that was larger than that of the NMDAR EPSP (195% _+ 8% and 122% _+ 8%, respectively; n = 7; p < .002; Figure 2C ). Interestingly, this same tetanus administered following LTD appeared to potentiate the NMDAR EPSP ( Figure 2D ; n ---6) to a greater extent than when applied to a naive input ( Figure  2C ). Since in this experiment we were unable to measure directly the NMDAR EPSPs immediately following LFS, we compared NMDAR EPSPs following the repotentiating tetanus ( Figure 2D ) with the interaction of LFS alone (Figure 2B) and the tetanus alone ( Figure 2C ). If there were no interaction between the two stimuli, we would have expected the input that was depressed by 41% to be potentiated by 22°/0, giving a value of 72% ([100 -41] x 1.22) compared with the actual NMDAR EPSP value of 110% + 21o/0. This interaction was tested statistically using a two-factor ANOVA and found to be significant (p < .05), suggesting that the tetanus was capable of reversing the LTD of the NMDAR EPSP. What mechanisms might account for the differential modulation of NMDAR and AMPAR EPSPs by synaptic activity? One method that can be used to address this question relies upon the coefficient of variation (CV), an index of the trial to trial variability in synaptic responses. Manipulations that change synaptic efficacy with parallel changes in I/CV 2, a measure derived from the CV, are classically attributed to presynaptic changes in quantal content, whereas manipulations that change synaptic efficacy without affecting 1/CV 2 are assumed to occur via a postsynaptic change in the sensitivity to released neurotransmitter (del Castillo and Katz, 1954; Bekkers and Stevens, 1990; Malinow and Tsien, 1990; Kamiya et al., 1991 ; Manabe et al., 1993) . To determine whether 1/CV 2 of AMPAR-and NMDAR-mediated synaptic currents (AMPAR EPSCs and NMDAR EPSCs) changes during LTD, we used standard whole-cell voltage-clamp recording techniques and an experimental design similar to that used for the experiments presented in Figure 2 . Generation of LTD ( Figure 3A ) in the test input (61% ± 9% ; n --8) caused a significant decrease in I/CV 2 of AM PAR EPSCs (72% _+ 8°/0; Figure 3B) . NMDAR EPSCs were then isolated in the same control and test inputs by applying CNQX to the slice and depolarizing the cell to positive potentials (+40 mV). In agreement with the field experiments (see Figure 2B ), the NMDAR EPSCs in the test inputs were smaller than those in the control inputs (71o/0 _ 8°/0; n --8; Figure 3A3 ). However, surprisingly I/CV 2 of the NMDAR EPSCs did not change (96% _+ 16%; Figure 3B ).
We also examined 1/CV 2 following the generation of LTP by pairing depolarization with LFS (1 Hz for 5 min; Figures  3C and 3D) , and in agreement with previous results found that I/CV 2 of the AMPAR EPSCs increases following LTP (198% _+ 30%; n = 8; Bekkers and Stevens, 1990; Mallnow and Tsien, 1990; Kamiya et al., 1991; Manabe et al., 1993; Kullmann, 1994) . Despite the large increase in the AMPAR EPSC in the test input (231% ± 23%o), the NMDAR EPSCs in the two inputs were identical ( Figure  3C ). Furthermore, as recently reported (Kullmann, 1994) , 1/CV 2 of the NMDAR EPSCs was unchanged by LTP (112% _+ 20°/0; Figure 3D ).
To ensure that under these experimental conditions we could in fact detect a change in IlCV 2 of NMDAR EPSCs when a change in transmitter release occurred, we examined paired-pulse facilitation (PPF), which is due to a presynaptic increase in quantal content (Katz and Miledi, 1968; Zucker, 1989) . PPF caused a parallel increase in I/CV 2 of both the NMDAR (187O/o ± 17O/o; n = 6) and AMPAR (214% ± 41%) EPSCs when I/CV 2 of the responses to the second stimulus was compared with I/CV 2 of the responses to the first stimulus ( Figure 3E) . Thus, the lack of change of I/CV 2 of NMDAR EPSCs during LTD and LTP is unlikely to be the result of an inability to detect such a change. We also observed that, in the same input, I/CV 2 of NMDAR EPSCs (118 ± 14; n = 27) was considerably larger than I/CV 2 of AMPAR EPSCs (38 ± 4; Figure  3F ), confirming previous observations (Kullmann, 1994) .
These findings--that LTD of NMDAR EPSCs was not associated with any decrease in I/CV 2, while a clear decrease in I/CV 2 did occur at the same syn apses with LTD of AMPAR EPSCs--were surprising and suggest distinct mechanisms of expression for LTD of each component. Because of the novelty and potential importance of this conclusion, we performed further experiments that allowed direct comparsion of 1/CV 2 of NMDAR EPSCs in a single input both before and after generation of LTD. show that LFS elicited robust LTD of pharmacologically isolated NMDAR EPSCs (66% ± 5°/0; n --8) recorded in perfusing solution containing low Mg 2+ (0.1 mM). However, as in the previous experiments (see Figures 3A and 3B) , LTD did not cause any change in I/CV 2 ( Figure 4C ). Subsequent application of adenosine (0.5 I~M), which presynaptically inhibits transmitter release (Dunwiddie and Haas, 1985; Prince and Stevens, 1992) , caused both a comparable depression of the NMDAR EPSC in the control input (64% ± 4%) relative to that of the test input in these same cells and, importantly, a proportional decrease in I/CV 2 (680/0 ± 70/0). Thus, in these same cells the measure was sufficiently sensitive to detect changes in transmitter release. These results provide additional evidence that activity-dependent modulation of NMDAR EPSCs occurs in the absence of detectable changes in 1/CV 2.
Using a variety of experimental approaches, we have demonstrated that LTD of NMDAR-mediated synaptic responses is generated by LFS. An interesting and important related question concerns the possible functional significance of LTD of NMDAR responses. PreVious work has demonstrated that modest activation of NMDARs by synaptic activity (Fujii et al., 1991; Huang et al., 1992) or via pharmacological manipulations (Coan et al., 1989; Izumi et al., 1992) in older slices increases the threshold for induction of LTP. To test whether this might be due to a depression of NMDAR EPSPs, we performed experiments to measure changes in NMDAR EPSPs caused by patterns of synaptic activity similar to those reported to increase the LTP induction threshold (Fujii et al., 1991; Huang et al., 1992) and delivered under similar experimental conditions. We found that such manipulations clearly decreased NMDAR EPSPs (70% _ 9°/0; n = 7; Figure  5A ). Like the increase in the LTP induction threshold (Huang et al., 1992) , the depression of NMDAR EPSPs was blocked when D-APV (50 I~M) was present during the conditioning stimulus (93°/0 ± 13%; n = 6; Figure 5B occurred in the absence of any change in the AMPAR EPSP ( Figure 5C , left side), and showed partial recovery over the course of an hour (86% -+ 5%; n --7; Figure  5C , right side). A second stimulation protocol that increases the LTP induction threshold (Fujii et al., 1991) was also found to depress NMDAR EPSPs (74% _+ 9%; n = 7) in the absence of any long-lasting change in AMPAR EPSPs ( Figure 5D ).
D i s c u s s i o n
We have demonstrated that different patterns of synaptic activity can depress NMDAR EPSPs/EPSCs. Although superficially these changes resemble LTD of AMPAR EPSPs/EPSCs, two lines of evidence strongly suggest that the underlying mechanisms are fundamentally different. First, synaptic activity can selectively affect one response without affecting the other. The AMPAR EPSP/ EPSC can be potentiated with little or no change (see Figure 2C ; Figure 3C ) in the NMDAR EPSP/EPSC (Kauer et al., 1988; Muller and Lynch, 1988; Asztely et al., 1992; Perkel and Nicoll, 1993; Kullmann, 1994) , and the NMDAR EPSP can be depressed in the absence of any change in the AMPAR EPSP (see Figure 5 ). Differential regulation of NMDAR and AMPAR EPSPs/EPSCs by synaptic activity has also been observed in the nucleus accumbens (Kombian and Malenka, 1994) . Second, even when synaptic activity causes similar decreases in NMDAR and AMPAR EPSCs, I/CV 2 of the AMPAR EPSCs decreases while that of NMDAR EPSCs remains unchanged. Classically, changes in I/CV 2 are attributed to a change in p, the probability of transmitter release, and/or a change in n, the number of transmitter release sites. Thus, in the absence of information about I/CV 2 of NMDAR responses, it was reasonable to propose that a change in 1/CV 2 of AMPAR responses during LTP (Bekkers and Stevens, 1990; Malinow and Tsien, 1990; Kamiya et. al., 1991) or LTD (Bolshakov and Siegelbaum, 1994) indicated that a change in quantal content (np) had occurred• However, assuming NMDARs and AMPARs are colocalized at synapses (Bekkers and Stevens, 1989; McBain and Dingledine, 1992; Stern et al., 1992; Burgard and Hablitz, 1993) , the differential change in I/CV 2 of AMPAR and NMDAR responses during LTP and LTD forces an alternative explanation, a prominent possibility being that some synapses contain NMDARs but not functional AMPARs (Kullmann, 1994) . This would result in release of transmitter at these sites going undetected under normal recording conditions, when only AM PAR-mediated responses are monitored. Moreover, any change in the Brief bursts of stimulation (10 Hz for 10 s applied 6 times) depress the NMDAR EPSP (n = 7; A), an effect that is blocked when D-APV (50 pM) is present during the 10 Hz stimulation (n = 6; B) and which causes no significant or long-lasting changes in the AMPAR EPSP (n = 7; C). Repetitive periods of LFS (2 Hz for 5 min) can also depress the NMDAR EPSP without inducing any long-lasting change in the AMPAR EPSP (n = 7; D). All experiments were performed and analyzed as described for the experiments in Figure 2. number of synapses containing functional AMPARs would be accompanied by a change in the CV and I/CV 2, even though this would be due to a postsynaptic, not a presynaptic, change in n. According to this model, LTP and LTD would be caused at least in part by the up-or downregulation, respectively, of functional AMPAR clusters at some of the activated synapses (Edwards, 1991 ; Kullman n and Nicoll, 1992; Liao et al., 1992; Lisman and Harris, 1993; Manabe et al., 1993; Kullmann, 1994) . In contrast, the lack of change in I/CV 2 of NMDAR EPSCs during LTP or LTD is difficult to explain by a similar mechanism and instead suggests that synaptic activity modifies NMDAR EPSCs uniformly across activated synapses.
It is important to note that the CV of synaptic responses may be influenced by other factors besides the classic trial to trial variations in quantal content (Faber and Korn, 1991 ; Kullmann, 1994) . These include trial to trial fluctuations in quantal amplitude at individual synapses (due to presynaptic and/or postsynaptic factors) and variability in quantal amplitude between different release sites. The theoretical contribution of these sources to the large difference in the CV (or as shown here I/CV 2) of AMPAR-and NMDAR-mediated synaptic responses has been addressed in detail previously (Kullmann, 1994) . More importantly for the main conclusions of the present work, it seems very unlikely that these =nonclassic" sources of variance can account for the observed lack of change in I/CV 2 of NMDAR EPSCs during LTD and LTP. This conclusion is strengthened by the demonstration that manipulations known to modify quantal content did in fact change I/CV 2 in the predicted manner.
Several other laboratories have reported that NMDAR EPSPs can be depressed by synaptic activity using various protocols and recording conditions different from those used here (Xie et al., 1992; Gean and Lin, 1993; Xiao et al., 1994) . We have confirmed that NMDAR responses can be depressed, but importantly have also demonstrated that this occurs when LTD of AMPAR EPSPs is generated under normal recording conditions. Moreover, we have provided evidence (see Figure 5 ) suggesting that the depression of NMDAR responses may cause or at least contribute to the increase in the threshold for LTP caused by certain patterns of synaptic stimulation (Fujii et al., 1991; Huang et al., 1992) . The exact mechanisms by which NMDAR responses are depressed are unknown, but candidate processes include modulation of Ca2+-dependent protein kinases and phosphatases (Chen and Huang, 1992; Kelso et al., 1992; Markram and Segal, 1992; Urushihara et al., 1992; Lieberman and Mody, 1994; Wang and Salter, 1994; Tong et al., 1995) as well as changes in the cytoskeleton (Rosenmund and Westbrook, 1993b) .
In contrast to the current data on LTD, whether NMDAR responses are potentiated to the same degree as AMPAR responses by manipulations that elicit LTP remains the subject of active debate (Kauer et al., 1988; Muller and Lynch, 1988; Asztely et al., 1992; Perkel and Nicoll, 1993; Kullmann, 1994; Clark and Collingridge, 1995; O'Connor et al., 1995) . Although the reasons for the differences in experimental results among laboratories remain unclear, the results presented in Figure 2 provide additional complexity in that they suggest that the prior history of activity at synapses may influence the extent to which NMDAR responses are modified by subsequent synaptic activity. Similar observations have been made for plasticity of AMPAR responses (Fujii et al., 1991; Christie and Abraham, 1992; Huang et al., 1992; Wexler and Stanton, 1993) as well as for synapses on goldfish Mauthner cells (Yang and Faber, 1991) .
Independently of the underlying mechanisms, the ability of synaptic activity to modify NMDAR responses has additional functional implications. For example, the modification of NMDARs, and thus the relative contribution of AMPARs and NMDARs at specific synapses, may be important for normal information processing, since NMDARs play important roles in the transfer of sensory information and in the generation of motor rhythms (Grillner et al., 1991 ; Daw et al., 1993) . Additionally, changes in NMDAR function would be expected to influence not only the magnitude but also both the direction and time course of synaptic weight changes elicited by a given pattern of synaptic activity (Malenka and Nicoll, 1993; Malenka, 1994) . Such changes may be particularly important during development Carmignoto and Vicini, 1992; Hestrin, 1992; Crair and Malenka, 1995) and, as suggested above, may contribute to adjustments in the threshold for synaptic modification that have been incorporated into some biologically based neural network models (Bienenstock et al., 1982; Bear et al., 1987) .
Experimental Procedures
Hippocampal slices were prepared from 2-to 6-week-old SpragueDawley rats, allowed to recover for 1-4 hr, and then transferred to a recording chamber, where they were submerged beneath a continuously superfusing solution (23°C-28°C) saturated with 95% 02, 5% CO2. The composition of our standard solution was 119 mM NaCI, 2.5 mM KCI, 2.5 mM CaCI2, 1.3 mM MgSO4, 1 mM NaH2PO4, 26.2 mM NaHCO3, and 11 mM glucose. Pharmacologically isolated NMDAR EPSPs/EPSCs were recorded by lowering MgSO4 to 0.1 mM and adding 0.1-0.2 mM picrotoxin and 10 pM CNQX or DNQX. For the experiments shown in Figure 3 , the superfusing solution contained 119 mM NaCI, 4 mM KCI, 4 mM CaCI2, 4 mM MgSO4, 1 mM NaH2PO4, 26.2 mM NaHCOs, 11 mM glucose, and 0.1 mM picrotoxin. In all experiments, a cut was made between the CA3 and CA1 regions to prevent the propagation of epileptiform activity. Stimulating techniques, recording techniques, data collection, and analysis were the same as those described previously (Huang et al., 1992; Mulkey and Malenka, 1992) . For the experiments in Figures 1 and 3 , the whole-cell pipette solution contained 117.5 mM Cs-gluconate, 17.5 mM CsCI, 8 mM NaCI, 10 mM HEPES, 0.2 mM EGTA, 4 mM Mg-ATP, and 0.3 mM GTP (pH 7.2; 280-290 mOsm). For the experiments in Figure 4 , the pipette solution also contained TEA-CI (10 mM) and QX314 (5 raM), and CsCI replaced Cs-gluconats. Data in the text and in the figures are presented as mean percentage of control (set to 1000/o) ± SEM. The change in EPSP/EPSC magnitude was calculated by averaging over a 10 min window taken 20-30 rain after the LTD/LTP induction protocol and comparing this value to the control input in the same slice (for Figures 2, 3 , and 5) or to the t0 min baseline period (for Figures 1  and 4) .
For the experiments in Figure 2 , 50 pM D-APV was applied at the end of each experiment to isolate the fiber volley and stimulus artifact. This was subsequently subtracted from all sweeps to prevent any contamination of the slope measurements. The NMDAFI EPSPs were normalized with respect to the baseline AMPAR EPSPs, and the two inputs were then directly compared by setting the control NMDAR EPSPs to 100% and scaling the test NMDAR EPSPs accordingly.
Values for I/CV = were calculated as p.21o2, where p is the mean and o is the SD of the EPSC amplitude (determined for successive epochs of 10-30 EPSCs throughout each experiment); I/CV ~ of each input was then normalized with respect to the average value taken over the initial 10 min baseline. EPSC amplitudes were measured using a window at the peak of the event (1-3 ms [AMPAR] or 4-10 ms [NMDAR] ) and were measured relative to the baseline taken immediately before the stimulus artifact. For the experiments irl Figure 3 , 11 CV 2 of the AMPAR or NMDAR EPSCs in the test input was then directly compared with that in the control input by setting the average normalized value for I/CV 2 of the control input over the 10 min following the LTD/LTP induction protocol to 100%. For the experiments in Figure  4 , I/CV 2 for each input was calculated after the experimental manipulation (20-30 min after LFS or 10-20 min after adenosine application) and compared directly with I/CV 2 of the baseline EPSCs in that input.
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